Summary
In mammalian brain, acetylcholinesterase (AChE) exists mostly as a tetramer of 70 kDa catalytic subunits that are linked through disulfide bonds to a hydrophobic subunit P of approximately 20 kDa. To characterize P, we reduced the disulfide bonds in purified bovine brain AChE and sequenced tryptic fragments from bands in the 20 kDa region. We obtained sequences belonging to at least two distinct proteins: the P protein and another protein that was not disulfide linked to catalytic subunits. Both proteins were recognized in Western blots by antisera raised against specific peptides. We cloned cDNA encoding the second protein in a cDNA library from bovine substantia nigra and obtained rat and human homologs.
We call this protein mCutA because of its homology to a bacterial protein (CutA).
We could not demonstrate a direct interaction between mCutA and AChE in vitro in transfected cells. However, in a mouse neuroblastoma cell line that produced membrane-bound AChE as an amphiphilic tetramer, the expression of mCutA antisense mRNA eliminated cell surface AChE and decreased the level of amphiphilic tetramer in cell extracts. mCutA therefore appears necessary for the localisation of AChE at the cell surface: it may be part of a multi-component complex that anchors AChE in membranes, together with the hydrophobic P protein.
Introduction
Mammalian acetylcholinesterase (AChE) possesses alternative C-terminal R, H or T peptide sequences which define its post-translational maturation, quaternary associations and anchoring: AChE R may generate soluble monomers, AChE H generates glycolipid-anchored homodimers, while AChE T generates an array of homo-and hetero-oligomers, including collagen-tailed molecules (1) .
In mammalian brain, tetramers of AChE T subunits are anchored in the membrane through an hydrophobic protein of 20 kDa (2,3), which has been named subunit P (4) . The proportion of membrane-bound tetramers increases steadily during development and becomes predominant in the adult (5) . These amphiphilic tetramers (G 4 a ) form clusters on the surface of cultured neurons (6) and represent the physiologically active AChE species (7) (8) (9) . The heteromeric structure of these molecules formally resembles that of collagen-tailed forms : in both cases, the catalytic subunits are linked in pairs by disulfide bonds through the cysteine residue located at position -4 from the C-terminus of the T peptide; two subunits are linked directly to each other, and the other two are attached to a structural subunit (10, 11) . In the membrane-bound tetramers from mammalian brain, two subunits are linked to subunit P. Thus, electrophoresis of the denatured protein without reduction separates light dimers, with two catalytic AChE subunits only, and heavy dimers, which contain two catalytic subunits linked to subunit P. In collagen-tailed AChE this arrangement is reproduced with the PRAD, the proline rich attachment domain of the ColQ subunit (12, 13) , replacing subunit P. The PRAD not only is linked through disulfides to two catalytic subunits but also interacts noncovalently with each of the four T-peptide sequences in a tetrameric cluster (14) . When AChE T subunits are expressed alone in transfected COS cells or 
Materials and methods
Purification of AChE from bovine brain : AChE was solubilized from fresh or frozen bovine caudate nuclei with 1% Triton X-100 and purified by affinity chromatography with an acridinium resin (2) . The high purity of the preparations was indicated by the observation that all bands detectable by SDS-PAGE and silver staining prior to disulfide reduction contained AChE catalytic subunits.
Isolation of 20 kDa proteins and determination of peptide sequences: Two approaches
were taken to obtain peptide sequences from subunit P. In the first approach, purified AChE was reductively radiomethylated with sodium cyanoborohydride and 10 mM 14 C-HCHO (Amersham Pharmacia Biotech) by the procedure of Haas and Rosenberry (18) and dialyzed extensively. This procedure converts primary amine groups in lysine and N-terminal residues to radiolabeled dimethyl amino groups. 14 C-Methylated bovine brain AChE was reduced by boiling 5 min. in sample buffer containing 40 mM dithiothreitol and 4% SDS and alkylated with iodoacetamide. Preparative electrophoresis was performed in a 6.5 cm cylindrical 10% Tricine gel (approx. 20 ml) with a 1.5 cm stacking gel (19) (Table I) Antibodies against a second peptide GVDANSAVEYPMT, denoted G13T, were purified from rabbit antiserum by adsorption on the immobilized peptide and elution at pH 2.8. Cell cultures: COS cells were transfected by the DEAE-dextran method, as described previously (26) . The cells were maintained at 37° and extracted 2-4 days after transfection.
Gel electrophoresis and Western blots:
The murine neuroblastoma cell line, N18TG2, (kindly provided by M.
Thomasi and M. Israël) was maintained in a water-saturated atmosphere containing 5% CO 2, and cells were mechanically dislodged for passages. The culture medium (Dulbecco's modified Eagle's medium, Gibco) was supplemented with 10% decomplemented foetal bovine serum, 2 mM glutamine and 1 mM sodium pyruvate. Prior to experiments, cells were grown for five days in tissue culture flasks (75 cm²) or 35 mm Petri dishes without changing the culture medium, which was supplemented with 2% DMSO to induce differentiation.
Stable transfection of rat mCutA antisense cDNA: N18TG2 cultures were transfected with either 1 µg of mCutA antisense vector or 1 µg of pTracer-SV40 without the insert as a control, using 3 µl of Fugene 6 transfection reagent (Roche) (27) . Stably transfected clones were selected with 300 µg/ml zeocin for ~ 20 days and visually checked for the expression of the fusion protein GFP-zeocin. 
Results

Determination of peptide sequences of small proteins, co-purified with G 4 a AChE from bovine brain
Initial sequence information on 20 kDa proteins that are candidates for subunit P was obtained after selective reduction of AChE purified from bovine caudate nucleus and electrophoresis on Tricine-SDS PAGE gels. Large quantities of up to 400 µg of protein per lane were necessary to obtain sequences from electroblotted bands in the 20 kDa region. We thus obtained an N-terminal sequence EPQKS?SKVTDS and a tryptic peptide sequence GVDANSAVEYPMT. In order to isolate larger amounts of the 20 kDa peptides, we ran radiomethylated and reduced brain AChE on preparative SDS-PAGE gels and collected individual fractions. Several tryptic peptides were isolated and sequenced from a labeled peak fraction corresponding to about 16 kDa, as shown in Table 1 .
Cloning of bovine and rat cDNAs encoding mCutA
We screened cDNA libraries from bovine substantia nigra with degenerate oligonucleotides deduced from the peptide sequences in Table 1 . A first screening of the library with oligonucleotides allowed us to identify a partial cDNA clone, which was then used as a probe for a further screening of the bovine library and of a rat soleus library. We thus obtained complete bovine and rat cDNAs. The deduced protein, mCutA, corresponded to 19 kDa and included several sequenced peptides (underlined in Fig. 1 ), indicating that we cloned a 20 kDa protein that was present in our purified AChE preparations. It is noteworthy that the same cDNA was cloned by similar procedures from human brain AChE purified by a different affinity chromatography protocol (30) .
Partial cDNA clones (EST) corresponding to mCutA have also been found in a number of mammalian tissues (brain, placenta and several other organs). Fig. 1 shows the alignment of bovine and rat peptide sequences deduced from cDNAs.
The human mCutA gene, also called CUTA, is localized in a BAC (AL050332) on chromosome 6 (6p21.3), as reported (30) . We analyzed the structure of the human gene by mapping ESTs to the cosmid. We found alternative splicing, generating at least four different transcripts that may be translated into three putative proteins (Fig. 1) .
The mCutA cDNA that was found in rat, bovine and human encodes a hydrophobic N-terminal sequence that is predicted to represent either a cleavable secretion signal, a mitochondrial import signal, or a transmembrane anchor of type II (with a cytoplasmic N-terminus). The bovine and rat proteins are very similar, except that in addition to two conserved cysteines, the rat protein contains two additional cysteines, located in the N-terminal hydrophobic sequence. The presence of cysteines in the mature protein might allow the formation of disulfide bonds with AChE T , but the cloned protein contains no peptidic motif resembling by guest on July 15, 2017 http://www.jbc.org/ Downloaded from the binding domain of the collagen tail, the "proline-rich attachment domain" (PRAD), in which two adjacent cysteines are followed by a series of prolines (12, 14) .
Western blot analysis of AChE-associated proteins
The mCutA sequence includes the six peptides shown in Table I , but not the two peptides EPQKS?SKVTDS and GVDANSAVEYPMT from the initial electroblots. Screening of cDNA libraries, RACE and RT-PCR analyses did not reveal alternative transcripts, originating from the mCutA gene, that could encode these peptides. In addition, a cosmid containing the human mCutA gene did not contain corresponding sequences. These data suggest that at least two distinct proteins were present in highly purified AChE preparations. In order to understand their relationship with the enzyme, we generated two antisera, one (C17V) to an mCutA peptide and the other (G13T) to the peptide GVDANSAVEYPMT that presumably is in the second protein. With these antibodies, we analyzed purified AChE preparations by Western blots.
Analysis of nonreduced and reduced brain AChE samples on SDS-PAGE
gels revealed a variety of components. In a nonreduced sample (Fig. 2A, lane 1) , antibodies against AChE catalytic subunits labeled light monomers (60 kDa), a small amount of heavy monomers (80 kDa), light and heavy dimers (140 and 160 kDa), and higher oligomers, as described previously (2) . Disulfide reduction decreased the intensity of most heavy bands and slightly retarded the migration of light monomers (Fig. 2A, lane 2) , in agreement with the presence of three intrasubunit disulfide bonds (1). These patterns correspond to those obtained by silver staining bands of purified brain AChE on SDS-PAGE gels (2) . Fig. 2B (lane 1) shows that, in the absence of reduction, the polyclonal antibodies G13T, directed against the peptide GVDANSAVEYPMT, mostly labelled heavy dimers and other heavy bands to a lesser degree. This pattern is similar to that previously reported with the monoclonal antibody 132-5, prepared against heat-denatured human brain AChE, which recognizes subunit P when it is disulfide-linked to catalytic subunits (31) . In a reduced sample (Fig. 2B, lane 2 (2, 3, 32) . Since this reagent essentially labels only subunit P (2,3,32), these patterns provide strong evidence that G13T recognizes subunit P. Fig. 2C shows that the C17V antiserum, directed against mCutA, recognized a low molecular weight band of around 10 kDa, which was observed in nonreduced as well as in reduced samples and therefore was not disulfide-linked to AChE. Because of the high sensitivity of the enhanced chemiluminescence detection system and the fact that it was not affinity purified, this antiserum also showed nonspecific adsorption to the heavily loaded AChE bands and to the molecular weight standards (not shown). Nevertheless, the observation of the 10 kDa bands is very significant because they are revealed only by the C17V
antiserum.
These experiments confirm that mCutA and subunit P are distinct proteins.
In order to understand the relationship between the two proteins and AChE, we performed various biochemical analyses.
The C17V antiserum does not recognize mCutA in native G 4 a AChE
We employed sedimentation in sucrose gradients and electrophoresis under nondenaturing conditions, in the presence of various detergents, to examine a possible interaction between C17V antibodies and brain AChE. With both purified enzyme preparations and freshly solubilized extracts, we failed to obtain a shift in the AChE sedimentation coefficient or electrophoretic mobility that would provide direct evidence for the presence of a complex containing G 4 a AChE and mCutA.
This lack of antibody interaction may simply be due to the fact that C17V antibodies do not recognize or gain access to the peptide epitope in the native AChE structure.
The mCutA protein does not interact with AChE in vitro.
In order to test whether mCutA might interact with AChE, we incubated recombinant mCutA-GST fusion protein produced in E. coli with a detergent extract from Xenopus oocytes expressing AChE T (13) and with purified bovine brain AChE. No significant AChE activity was retained on microtiter plates coated with a monoclonal antibody against GST or on a GST-binding affinity resin (Pharmacia).
Expression of mCutA protein in COS cells
We co-expressed the rat mCutA with AChE T in transiently transfected COS cells. In order to visualize the recombinant protein, we added a "flag" epitope at its C-terminus. The C-terminus should be maintained in the mature protein because a C-terminal peptide was recovered in purified AChE ( Fig. 1 and Table I ). We observed an intense staining in permeabilized cells. However, the flag epitope of the mCutA protein was not exposed on the outer surface in nonpermeabilized cells (data not shown), suggesting that mCutA is not a type II transmembrane protein.
When co-expressed with AChE T , mCutA did not modify either the cellular distribution of the enzyme or its molecular forms, as determined by sedimentation analysis. These experiments therefore failed to reveal any interaction between the two proteins when co-expressed in COS cells.
Expression of antisense mCutA mRNA eliminates AChE from the cell surface
To examine whether mCutA is involved in the anchoring of AChE at the cell surface, we used the N18TG2 neuroblastoma cell line that is known to produce AChE (33). We selected cell lines transfected either with an mCutA antisensecontaining vector or with the empty vector as a control. This vector contains a GFP-zeocin fusion protein transcription unit to aid in selection of the transfected cells which are labelled with GFP. In the control cells, AChE forms clusters at the cell surface (Fig 3a' ). In contrast, this was not observed in cells transfected with the mCutA antisense probe (Fig. 3b') . In parallel, the quantity of G 4 a AChE decreased in extracts of cells transfected with the antisense probe (Fig. 4) , whereas the total AChE activity per mg of extracted protein was unchanged.
Homology of mCutA with other proteins
A search of data banks revealed that numerous sequences homologous to mCutA have been obtained from a large variety of sources. Homologous sequences exist in widely different organisms, such as C. elegans, plants (A. thaliana) and several bacteria, including E. coli. In general, these sequences were obtained by systematic analysis of transcripts and no function is known for the corresponding proteins. In E. coli, however, the homologous protein is encoded by CutA1, one of the three genes of the CutA locus, which is involved in tolerance to Cu ++ and other heavy metal ions ("Cu Tolerance") (17). In Fig. 5 the bovine and rat mCutA proteins are aligned with E. coli CutA1 and CutA isologs from A. thaliana (U78721) and
Caenorhabditis elegans (from cosmid F35G12).
Discussion
An excellent candidate for a distinct membrane anchoring subunit in brain AChE was first identified after photolabeling the purified enzyme with [ 125 I]-TID.
This reagent selectively labeled a 20 kDa protein that was disulfide linked to catalytic subunits and released by disulfide reduction (2,3,10,32); it was designated subunit P (4). Boschetti and Brodbeck (32) Our data clearly show that, in addition to subunit P, brain AChE preparations contain another protein that includes the six peptides in Table 1 The C. elegans gene also seems to lack this domain. In the human gene this region is encoded by alternative exons, producing at least three different N-terminal sequences, as shown in Fig. 1 . We have focussed our studies on the variant which was cloned in rat, bovine and human.
The mCutA protein does not represent an abundant protein in total brain tissue, according to Western blots (data not shown). Therefore, its detection in several purified AChE preparations, obtained independently in several laboratories, seems unlikely to result from coincidental copurification. It is very improbable that this protein interacts with the three distinct affinity ligands employed in these AChE purifications in a way similar to AChE.
We tried to clarify the relationship between AChE and the two proteins, subunit P and mCutA, in various ways. We were not able to demonstrate the existence of a complex of AChE tetramers with mCutA, possibly because the polyclonal mCutA antiserum C17V does not react with the protein in its native conformation.
Analysis of denatured AChE by Western blots showed that, unlike subunit P, mCutA is not disulfide-linked to the catalytic subunit. However, genetic perturbation, by expression of the antisense mRNA, showed that mCutA is involved in the accumulation of AChE at the surface of the neuroblastoma cells.
This suggests that mCutA participates in a multi-subunit complex that requires the presence of other components, notably the subunit P hydrophobic anchor.
It has been proposed that the organization of AChE and associated proteins is similar in the collagen-tailed forms of the enzyme and in the hydrophobic-tailed tetramers, particularly because light and heavy dimers are present in both cases and because the same catalytic subunit cysteines are involved in disulfide linkages between the catalytic and structural subunits (2, 10) . In fact, the present results suggest that the membrane-bound form of brain AChE may be a multi-component complex. It will be of great interest to unravel its molecular composition and structure. In particular, the characterization of subunit P and the functional relationship between mCutA and AChE will require further studies. Our results suggest that mCutA is involved in the stabilization of AChE at the cell surface and/or the clustering of AChE molecules at the surface of neurons (6) . This would be analogous with the case of gephyrin, a ubiquitous protein involved in molybdenum metabolism, which also ensures the post-synaptic anchoring of glycine receptors in neurons (35) . 
